Background. Performing iron fortification by adding the iron compound directly into foods helps to tackle the problem of iron deficiency. However, the fortification brings about some problems as well, including undesirable organoleptic effects, oxidation, and reduced bioavailability. Ensuring appropriate encapsulation can overcome these problems. Hence, it is crucial to identify a proper excipient for protecting the iron. Glucomannan has the potential to be a suitable iron encapsulation excipient. The present work therefore sought to prepare an iron excipient from modified glucomannan using the gelation method. Glucomannan modification was conducted by either chemical reaction or in combination with another compound. Materials and methods. Glucomannan was isolated from Amorphophallus oncophyllus flour. To maximize encapsulation performance, glucomannan was modified by either deacetylation using NaOH (0.4 M) or in combination with alginate. After dissolving the excipient (1%), this solution was mixed with FeSO 4 to obtain 25 mg of iron per 1 g of excipient. The mixture was dropped into either an ethanol or CaCl 2 solution for gelation. The beads of seven variations of the resultant glucomannan-based excipient were investigated for their encapsulation efficiency, bead size, and swelling. The release of iron in the two pH solutions together with their respective release models were also evaluated. Results. It was revealed that the highest iron efficiency (64%) was achieved using deacetylated glucomannan, which was gelled in CaCl 2 . However, this matrix also resulted in the highest release rate in both pH solutions. The release rate of iron was lower in the low pH solution (pH: 1.2) than in the higher pH solution (pH: 6.8) for all matrix combinations. The Korsmeyer model was the most fitting model for describing the release profile of iron in both pH solutions (R 2 ≥ 0.958) for all excipient variations. Conclusion. This study suggested the potency of modified glucomannan to be pH-sensitive for iron encapsulation.
INTRODUCTION
Iron deficiency is a serious problem that affects the quality of human resources. It is the most prevalent nutritional deficiency in the world, affecting about 29% of the global population (Gaitán et al., 2012) . This deficiency usually results from insufficient dietary iron intake (Davidsson, 2003) . Hence, consuming foods rich in dietary iron is an effective way to alleviate iron deficiency. The act of iron fortification, which involves adding an iron compound directly into foods, can cause undesirable organoleptic problems, oxidation, and reduced bioavailability (Schonfeldt and Hall, 2011) . One method to overcome this problem is encapsulation. In food systems, the procedure of encapsulation offers several functions such as stability and the protection of sensitive active ingredients from oxygen, water, and light (Nedovic et al., 2011) . Encapsulation involves both an active ingredient and a matrix encapsulant and can be performed using a simple gelation method (Thies, 2012) . Finding a proper matrix can yield an accomplishment in encapsulating iron.
Glucomannan is a natural neutral polysaccharide that is isolated from the tubers of Amorphophallus sp. This polysaccharide backbone is composed of D-mannose and D-glucose units with β-1,4-linkage, in which the main chain is 5% to 10% acetylated (Ji et al., 2017) . Its biocompatibility, harmlessness, and biodegradability have attracted extensive attention regarding its potential use as an encapsulant (Yang et al., 2017) . Removal of the acetyl groups lead to glucomannan aggregation through hydrogen bonding and formation of a network structure, which results in gel formation (Ji et al., 2017) . Hence, glucomannan's properties need to be modified prior to involvement as a matrix in encapsulation using the gelation method. Structurally, replacing the acetyl is conducted through deacetylation using an alkaline such as NaOH or KOH (Herranz et al., 2013) . reported a positive correlation between deacetylation and iron encapsulation efficiency. Combining glucomannan with other matrix compounds such as alginate and chitosan may increase the efficiency of various active compound encapsulations Wang et al., 2014) .
Alginate is an unbranched negative charge polysaccharide consisting of 1,4-linked β-d-mannuronic (M residues) and β-l-guluronic acids (G residues) that is commonly isolated from brown algae and bacteria such as Pseudomonas aeruginosa (Tsai et al., 2017) . This biopolymer is widely used in both foods and medicines due to its nontoxicity, biocompatibility, biodegradability, and ease of gelation (Zeeb et al., 2015) . Research into the encapsulation of iron using a matrix combination containing a glucomannan base has rarely been performed to date. Hence, encapsulation of iron using a glucomannan base was studied in this work. The encapsulation was prepared by way of the gelation method using two different solutions. Physicochemical properties and release of the encapsulated product were observed.
MATERIALS AND METHODS

Beads preparations
In this work, seven kinds of matrices were prepared using a glucomannan or alginate base in two gelation solutions, i.e., ethanol and CaCl 2 (Table 1 ). The first matrix (GE) was prepared using 1 g of glucomannan powder dispersed in 100 mL of stirred distilled water prior to being mixed with an iron solution (0.035 g of FeSO 4 ·7H 2 O in 20 mL of distilled water) at room temperature. This solution was dropped into ethanol (150 mL). After 30 min, the beads were collected before drying. The second matrix (AC) was prepared in a manner similar to that of the first one, albeit using In the third matrix (DGC), glucomannan was deacetylated using NaOH before being used as the encapsulant. One gram of glucomannan was dispersed in stirred NaOH solution (0.4 M, 100 mL) for 60 min before being mixed with the iron solution. The fourth (DGAC), fifth (DGAEC), and the sixth (DGACE) encapsulants were prepared by mixing 0.5 g of glucomannan in an NaOH solution (0.4 M, 50 mL) with 0.5 g of alginate in 50 mL of distilled water. The seventh matrix (GAE) was prepared using 1.0 g of glucomannan mixed with alginate of a similar weight, dispersed in 100 mL of distilled water. Beads of the second, third, and fourth matrices were manufactured by dropping the solution into a CaCl 2 solution (0.2 M, 150 mL). Beads of the fifth one were dropped in an ethanol solution followed by immersion in the CaCl 2 solution. Beads of the sixth one were dropped into two solutions i.e., 150 mL of CaCl 2 and an ethanol solution, in order. Meanwhile, beads of the seventh one were gelated in an ethanol solution. A summary of the bead preparations is presented in Table 1 . All of the beads were filtrated to obtain fresh wet beads. After being evaluated for size, the wet beads were oven-dried at 60°C for 24 h prior to undergoing other analyses.
Bead size
The average diameter of the wet beads (n) was determined as seen in equation (1).
the certain bead numbers the certain bead numbers of diameter total n ∑ =
(1)
Swelling determination
Swelling of the beads was determined in two pH solutions i.e., 1.2 and 6.8 (0.1 M, 100 mL), based on the method of . The dried beads (0.1 g) were diluted in 10 mL of either a stirred HCl solution (0.1 M, 100 mL) or phosphate-buffered solution (0.1 M) at 37°C for 30 min. After centrifugation at 4,000 rpm for 20 min, the remaining paste was used to determine swelling, as follows in equation (2).
of dry sample weight of paste weight Swelling =
Iron content and encapsulation efficiency Dried beads (0.1 g) were dilluted in an acetic acid solution (0.1 M, 50 mL) for 30 min. Ten millilitres of the solution was placed in a 100-mL flask together with 10 mL of 1,10-phenanthroline and 8.0 mL of sodium acetate buffer, which was diluted to 100 mL. After 10 minutes of colour development, the absorbance of the mixture solution was read using an ultraviolet-visible spectrophotometer at 508 nm, which represented the native Fe 3+ in the sample. Then, 1.0 mL of hydroxylamine hydrochloride was added to the previous mixture. After 10 min, the absorbance of the mixture was secondly reviewed at 508 nm for total Fe 3+ content, while the absorbance was compared with the iron standard curve.
For this study, the Fe 2+ content was the difference between total Fe 3+ and the native Fe
3+
. The encapsulation efficiency was measured based on the amount of unencapsulated FeSO 4 available in the gelation solution. The efficiency of encapsulation was calculated using equation (3) 
where: EE -the percent of encapsulation efficiency, Fe added -the FeSO 4 added in the encapsulation process, Fe solution -the amount of FeSO 4 in the gelation solution, respectively.
Iron release and the models
Nine Erlenmeyers were filled with 50 mL of either HCl solution (0.1 M, pH 1.2) or phosphate buffer solution (pH 6.8). Dried beads (0.1 g) were diluted into each solution under 100 rpm orbital stirring. The diluted iron of each Erlenmeyer was determined in a certain time. The concentration of the released iron was modeled using Korsmeyer, Weibull, Hopfenberg, and Gompertz (Dash et al., 2010) .
Morphology
The morphology of the dried beads was observed using a Scanning Electron Microscopy coupled with Energy Dispersive X-ray (SEM/EDX) apparatus (JEOL-JSM 6510LA) at ×2,500 magnification. Prior to SEM analysis, the dry sample was placed on a stub and coated with gold.
RESULTS AND DISCUSSION
In this work, seven types of matrices based on glucomannan and/or alginate were used to encapsulate iron using two gelation solutions composed of ethanol and CaCl 2 , respectively. The wet beads were measured regarding their size, while other analyses such as encapsulation efficiency, controlled release, swelling, and functionality were conducted using the dried beads.
Properties of encapsulated iron
Encapsulation was conducted using the gelation method or simple coacervation. In this study, ethanol and CaCl 2 solutions were selected as media to form the phase separation of a dissolved polysaccharide (Thies, 2012) . Figure 1 shows the encapsulation efficiency of iron, fresh bed size, and the percentage of entrapped Fe 2+ in various matrices. The matrices that used the CaCl 2 solution as gelation agent produced a round bead shape; conversely, ethanol gelation did not yield such a bead shape. Glucomannan is insoluble in ethanol and was expected to form an encapsulant based on phase separation . Although two phases were formed, they separated as a sol layer instead of as beads. This result could have been due to a weak hydrogen bond between the polysaccharides and the ethanol, which could not trap the water inside the matrix. Hence, these weak and dehydrated beads merged and formed a layer, subsequently.
All of the alginate-base matrices formed beads in the CaCl 2 solution (Fig. 2) , while GE, DGAEC, and GAE did not. It is well-understood that the negatively charged alginate formed beads upon coming into contact with divalent ions; in this case, it is calcium ions with whom the sodium ions are exchanged with, producing a gel due to chelation of carboxyl groups of the guluronic acid of alginate to the divalent as a central atom, causing the formation of a three-dimensional network, which is known as an egg box model (Li et al., 2007) . As a crosslinker, the calcium form two bonds, as opposed to sodium, which only forms one bond (Plazinski, 2011 ) and which could not form complex ones due to charge reason and solubility.
Interestingly, the deacetylated glucomannan (DG) matrix also formed beads in the CaCl 2 solution (DGC sample). The DG was glucomannan that reacted with NaOH prior to being used for the encapsulant. Reaction with the alkaline replaced the acetyl group of glucomannan, which is responsible for its solubility. Eliminating the acetyl group changed the intramolecular hydrogen bond distribution, inducing a disappearance of the helical structure of glucomannan. This reaction promoted the gelation form of glucomannan (Zhou et al., 2018) . Hence, dropping DG into CaCl 2 could help in furthering the gelation process and creating more hydrogen bonds. The fact that the bead size was not significantly different suggested that the size was not sensitive to the matrix type. The size and shape of beads are controlled by many factors such as needle diameter, distance between the needle and the surface of gelation solution, matrix concentration solution, and viscosity and surface tension (Klokk and Melvik, 2002) . This study used a viscosity similar to that of polysaccharides, since the total concentration of the matrix was set as the same. Moreover, all samples used the same diameter of the needle for dropping the beads. Hence, the fresh beads of various matrices are relatively similar in terms of diameter size.
Efficiency is one of the parameters that can suggest successful encapsulation. The efficiency of encapsulation was determined using the dried beads and ranged ultimately from 17.43% to 64.73%. The highest encapsulation efficiency was produced by DGC encapsulation, followed by with glucomannan in ethanol (GE sample). The presence of alginate reduced the efficiency. It was reported that the alginate gel is porous (Sergeeva et al., 2015) , which could play a role in rereleasing the trapped iron, reducing the efficiency. Increasing the glucomannan gelation process by dropping into CaCl 2 has helped in bonding more iron. Since the concentration of the total matrix was maintained similarly to other samples, the addition of alginate into glucomannan reduced the ability of the matrix to trap the iron, as explained previously. Figure  1 also shows an unspecific pattern of entrapped Fe 2+ in various matrices. Ethanol seems to help in protecting iron from oxidation due to the insolubility of FeSO 4 . Further studies are needed that explore the capability of the matrices to inhibit this oxidation.
All of the beads of various matrices showed a roundoval shape (Fig. 2) . More specifically, the AC matrix produced end-tail beads. This could be due to a fastoccurring gelation of alginate upon being dropped into Wardhani, D. H., Aryanti, N., Etnanta, F. N., Ulya, H. N. (2019) . Modification of glucomannan of Amorphophallus oncophyllus as an excipient for iron encapsulation performed using the gelation method. Acta Sci. Pol. Technol. Aliment., 18(2), 173-184. Fig. 1 . Properties of encapsulated iron using various matrices: a -encapsulation efficiency, bead size, and percentage of Fe 2+ over total entrapped iron, b -swelling at pH 1.2 and 6.8; GE -glucomannan in ethanol, AC -alginate in CaCl 2 , DGC -deacetylated glucomannan in CaCl 2 , DGAC -combination of deacetylated glucomannan and alginate in CaCl 2 , DGAEC -combination of deacetylated glucomannan and alginate in ethanol and subsequently dropped in CaCl 2 , DGACE -combination of deacetylated glucomannan and alginate in CaCl 2 and subsequently dropped in ethanol, GAE -combination of glucomannan and alginate in ethanol. Data -average of three replicates the CaCl 2 solution. CaCl 2 was reported as one of the most frequently used solutions in cross-linking alginate that leads to rapid gelation (Lee and Mooney, 2012) . All of the resulting beads were strong and firm except for those of DGC, which did not contain alginate. The present results suggest that alginate could have contributed to the firmness of the beads. It was reported that the guluronate of alginate leads to forming strong and firm gels (Alihosseini, 2016) .
Iron release
The profiles of iron release from various matrices at the two pHs are presented in Figure 3 . Initially, the release rose in the first five minutes followed by with the lower release rate. The same sequence of release rate was observed in both pHs, in which the fastest release was seen with DGC, and the slowest one was seen with DGACE. Interestingly, the sequence of release rate was in line with the efficiency and swelling. High efficiency indicates that the beads contain high iron concentrations, which could interrupt the internal matrix bonds that trapped the iron. As a result, a high release rate was observed in the high-efficiency encapsulatio one. The iron release rates with the double gelation samples (DGACE and DGAEC) were the lowest in both pHs. This finding suggests that, although both gelations produced a matrix type of encapsulation, in which the iron was distributed either inside or on the surface of the beads, these double encapsulations helped in reducing the release of iron. The double gelation may also contribute in limiting swelling ability, hence suppressing the release of iron.
Separately, the release rate at pH 1.2 was lower than that seen at pH 6.8, in which both pHs showed typically two stages of release. Burst release was observed in the first stage, which was attributed to the migration of water into the matrix driven by the osmotic pressure. Partial dissolution of the active compound could be responsible for the burst release (Nedovic et al., 2011) .
Figures 1 and 3 present a positive relation of the release with the swelling sequences. This result is supported by Wang et al. (2014) , who reported a lower degree of swelling of glucomannan at pH 1.2 than at pH 6.8. Swelling and release are affected by hydrogen bonds and electrostatic interactions among the functional groups in solution pH conditions as well as the osmotic balance pressure between the internal and external mediums of the hydrogel network . Moreover, alginate gel also is a pH-sensitive Fig. 3 . Profile release of iron from various matrices at pH 1.2 of HCl solution (top) and at pH 6.8 of phosphate buffer (bottom): GE -glucomannan in ethanol, AC -alginate in CaCl 2 , DGC -deacetylated glucomannan in CaCl 2 , DGAC -combination of deacetylated glucomannan and alginate in CaCl 2 , DGAEC -combination of deacetylated glucomannan and alginate in ethanol and subsequently dropped in CaCl 2 , DGACE -combination of deacetylated glucomannan and alginate in CaCl 2 and subsequently dropped in ethanol, GAE -combination of glucomannan and alginate in ethanol. Data -average of three replicates polymer that shrinks in acidic conditions and swells in high-pH environments, respectively (Tsai et al., 2017) . The combination of glucomannan with alginate reduced the release and swelling of the encapsulant in pH 1.2. In this pH, the carboxylic groups of alginates could form a strong hydrogen bond, which resists water penetration (Wang et al., 2014) . Meanwhile, the phosphate buffer with a pH of 6.8 in this study was prepared using monosodium phosphate and disodium phosphate. The sodium ions could replace the Ca 2+ of CaCl 2 , which linked to carboxylic groups of alginate. This replacement of a bivalent with a monovalent ion caused the breakup of the bond between Ca 2+ and two polyuronate chains known as the "egg box" structure (Plazinski, 2011) . This breakup resulted in a greater distance between the polymeric chains and allowed the fluid to fill up. Hence, the swelling of the matrix at pH 6.8 was higher than that at with a more acidic of the release solutions. The release was modeled to predict release phenomena using four models, i.e., Korsmeyer, Weibull, Hopenberg, and Gompertz. The accuracy of the model was justified by the coefficient of determination (R 2 ) of an individual model. The acceptable correlation was achieved when R 2 values were equal to 0.970 or higher (Balcerzak and Mucha, 2010) . The constants of the fitted models as well as the R 2 are presented in Table 2 for release at pH 1.2 and pH 6.8. The Korsmeyer model was superior for describing the released iron profile of all excipient variations in both pHs as opposed to other models. The R 2 values of the Korsmeyer model were ≥ 0.958.
Considering the n value of the Korsmeyer model, which was less than 0.45 (Table 2) , it was proposed that the mechanism of iron release from the matrix followed Fickian diffusion with t -0.5 of rate as a function of time (Dash et al., 2010) . This indicated that the diffusion of active compounds plays a major role as compared with encapsulant degradation . Moreover, this model suggested some processes occurred simultaneously including diffusion of water into the beads, followed with swelling of the beads as water entered the matrix (Korkiatithaweechai et al., 2011) . The similar pattern seen between the release (Fig. 3 ) and bead swelling (Fig. 1) supported this idea. Plotting of the Korsmeyer release model at the highest R 2 values of the DGC and DGAEC matrices is presented in Figure 3 . Figure 4 represents the morphology of dried beads of encapsulated iron of DGC and DGAC. More crumb particles were observed adhered on the surface of DGC than on that of DGAC. It is suggested that the . SEM (×1,000-top and ×2,500-middle) and EDX mapping with ×2,500 magnification (bottom) of iron encapsulation using DGC (left) and DGAC (right) matrices. Red colour of EDX mapping is represented entrapped iron in the matrix crumbs could be the encapsulated iron. Moreover, the EDX mapping shows a higher intensity of red dots, representing more entrapped iron on DGC than on DGAC. This description is supported by the efficiency results of Figure 1 .
Morphology
CONCLUSION
Glucomannan modifications influenced the properties and ability of encapsulated iron. The composition of the matrix did not affect the bead size significantly. The highest iron encapsulation efficiency (64.73%) was produced by the matrix prepared with DG, which was dropped in CaCl 2 . However, this matrix resulted in the highest release rate in both pHs. The release rate of iron was lower in the pH 1.2 solution than in the pH 6.8 solution for all matrix combinations. The Korsmeyer model was the most suitable model for describing the release profile of iron (R 2 > 0.958) in both pHs. This research showed that a glucomannan matrix has a potential as a pH-sensitive option for iron encapsulation.
